A New Method for Estimation of Emissions and Sources of Measurements Error in the Silicon Refining Process by unknown
A New Method for Estimation of Emissions and Sources
of Measurements Error in the Silicon Refining Process
MARI K. NÆSS,1,2 IDA KERO,1 and GABRIELLA TRANELL1
1.—Department of Materials Science and Engineering, Norwegian University of Science and
Technology, Alfred Getz vei 2, 7491 Trondheim, Norway. 2.—e-mail: mari.k.naess@ntnu.no
In the production of metallurgical grade silicon (MG-Si), fugitive emissions are
a serious concern due to the health risks associated with the fumes formed in
different parts of the production. The fumes are also a potential environmental
hazard. Yet, the chemical composition of the fumes from most process steps in
the silicon plant, such as oxidative refining ladle, remains unknown. This in
turn constitutes a problem with respect to the correct assessment of the
environmental impact and working conditions. A comprehensive industrial
measurement campaign was performed at the Elkem Salten MG-Si production
plant in Norway. Samples of the ingoing and outgoing mass flows were ana-
lyzed by high-resolution inductively coupled plasma mass spectrometry, with
respect to 62 elements. In every step of the sampling and sample treatment
processes, possible sources of error have been identified and quantified,
including process variation, mass measurement accuracy, and contamination
risk. Total measurement errors for all elements in all phases are established.
The method is applied to estimate the order of magnitude of the elemental
emissions via the fumes from the tapping and refining processes, with respect
to production mass and year. The elements with higher concentrations in the
fume than slag and refined silicon include Ag, Bi, Cd, Cu, In, K, Mg, Na, Pb,
Rb, Se, Sn, Tl, and Zn: all being present in the ppm range. This work con-
stitutes new and vital information to enable the correct assessment of the
environmental impact and working conditions at an MG-Si plant.
INTRODUCTION
One of the main environmental challenges facing
the metallurgical industry is fugitive emissions of
gas and dust. In the production of metallurgical
grade silicon (MG-Si), fugitive emissions are a
serious concern. The industry is subjected to
extensive regulations with regard to these emis-
sions—both in terms of outdoor and indoor envi-
ronment—and in particular emissions containing
toxic compounds, heavy metals, or greenhouse
gases.1,2 Furthermore, the health risks associated
with the dust and fumes from the smelting and
foundry industries in general, and the silicon and
ferro-silicon industry in particular, are well docu-
mented.3–7 The adverse health effects caused by
long-term exposure and inhalation of fume are
numerous and the workers are at risk of developing
respiratory problems, including chronic obstructive
pulmonary disease (COPD).8–12 For that reason, the
use of dust masks is mandatory in exposed areas in
most silicon plants in Norway.
Today’s environmental authority reporting from
the ferroalloys industry is based primarily on
overall tapped material compositions and standard
calculations of the distribution of major elements
among products, solid waste, and fugitive emis-
sions, in addition to ad-hoc industrial measuring
campaigns. For most major elements, the reporting
accuracy for a plant would be in the order of
thousands of kilograms, whereas for some toxic
elements like mercury, cadmium, etc., accuracies
in the range of kilograms are expected. Stricter
emission regulations are to be expected in the fu-
ture, and hence, it will become important to have a
full understanding of where elements entering the
metallurgical plant—including those in very low
concentration in the tapped material charge—will
end up. It will also be of crucial importance to
understand to which accuracy it is possible to
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measure and analyze trace elements in different
phases, and the errors and uncertainties involved
in both sampling and analysis of emissions, prod-
ucts, and wastes. To date, no one has described the
limits for how accurately emissions can be esti-
mated for reporting purposes.
In the past, the fumes in several metallurgical
processes have been studied, but often with less
attention to the chemical composition and reactivity
of the particles than to the particle sizes and dis-
tributions.1,13,14 The fuming mechanisms in silicon
production have been studied15,16 and some prob-
lems of the fugitive emissions have been docu-
mented with respect to the plant and local
community.17
The elemental distributions in silicon and ferrosili-
con production have been studied previously with
respect to the electric furnace operation.18,19 Although
the furnace is an important source of fumes from a
silicon plant, the fugitive emissions are not exclusively
originating from the furnace. Fumes are produced in
virtually every production step and 40%–80% of the
fugitive emissions of fume originate from the process
steps where molten silicon is in contact with air.13,20,21
Therefiningprocess isan importantstep in thechainof
silicon production operations and the analysis of the
element distribution in the oxidative ladle refining
process will be published separately.22 The method in
itself is of general interest as it may be adapted and
implemented for other process steps, as demonstrated
by Myrhaug and co-workers18,19 for the electric arc
furnace process.
The composition of exhaust gases from the silicon
industry has been subject to several investigations
as the volatile compounds need to be trapped in
different kinds of ventilation and filter systems, and
many of these gases are potentially harmful to
people and nature.23–26 However, the chemical
composition of the condensed particulate matter
(CPM) and the variations of the CPM’s originating
from various process steps in the silicon plant
remains unknown. This in turn constitutes a prob-
lem with respect to the correct assessment of envi-
ronmental impact and working conditions, not only
for the industry itself but also for the regulatory
authorities.
This article describes the possibilities and limita-
tions for making accurate estimations of element
concentrations in the different material flows of the
refining ladle and to estimate the total measurement
error for each element. The aim of this article is
twofold: (I) to establish a new method for evaluating
the accuracy of the elemental analysis of all phases
in the refining ladle and (II) to apply said method for
estimation of fugitive emissions of main and trace
elements (e.g., heavy metals) from an MG-Si plant.
METHODS
A comprehensive industrial measurement cam-
paign was performed at the Elkem Salten MG-Si
plant in Norway. The main focus was to study the
elemental distribution between the different phases
in the refining ladle; thus, samples from all ingoing
and outgoing matter in the ladle were collected.
Eight different ladles were investigated, and the
amount of fume was measured with a LaserDust
MP from Norwegian Electro Optics27 (Lørenskog,
Norway) installed in the off-gas channel. The
LaserDust measures the transmission of a laser
beam, and the reduction in the signal will corre-
spond to the amount of fume in the measuring path.
Samples of silicon, slag, and fume were taken from
eight refining ladles with standard purge gas mix-
ture and flow rate conditions. At the time of the
sampling, the temperature in the Si was in the
range of 1446C–1677C. Samples from the tapped
Si were taken from the tapping jet. A sample of the
fully refined Si was collected just before casting.
Slag samples were gathered from the bottom of the
ladle, from the side (freeze lining), and from the top
layer. Fume samples were collected with a ‘‘cold
finger’’ (a water-cooled copper tube) placed in the
exhaust gas channel during tapping. The ladle and
sampling locations are shown schematically in
Fig. 1.
In the sampling and sample treatment processes,
the possible sources of error in each step have been
identified. An overview is provided in Fig. 2 and
Table I. For each element considered, all of these
sources of error and uncertainties are given either a
measured or calculated/estimated value.
Finally, a combined measurement error for each
element is estimated using Eq. 1:28
XElu ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
aEl 2u þ b2u þ c2 þ dEl 2u þ eEl 2u
q
(1)
where XElu is the total/combined measurement error
for element El in phase u, and a, b,….e are the
Fig. 1. Schematic of the ladle with the sampling of the ingoing and
outgoing phases indicated.
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calculated measurement errors in each step of the
sampling process and samples preparation, as
indicated in Table I. These errors may be specific for
elements and are then marked with a superscript
El, or they are the same for all elements (e.g., error
in mass estimation).
Recovery calculations for each element have been
carried out according to:




where %Ri is the recovery in %, mi,out and mi,in are
the total masses of element i flowing out of and into
the ladle, respectively. Outgoing mass flow is
the sum of the produced Si, the slag, and the fume.
Ingoing mass flow is the sum of the tapped Si, the
cooling material, and the flux material.
Some potential sources of contamination are not
taken into account in this paper; these are for
example the use of steel lances and bullets for
opening the tapping hole of the furnace, and frac-
tioning of the ladle lining upon slag removal. They
are estimated to have comparatively small influ-
ences on the overall element concentration and
distribution.
In the following sections, the measurement errors
in each step in the sampling and sample treatment
processes are described.
SAMPLING PROCEDURE
The tapped silicon was sampled directly as tapped
from the furnace. The samples of tapped silicon may
not be entirely representative for the whole bulk of
tapped silicon due to inhomogeneous silicon in the
furnace. As the tapped silicon sample is collected by
a small crucible on a stick and cast in a holder, there
will be little or no contamination in the sampling
process. The measurement error due to process
variation is however taken into account through the
standard deviation between the eight sampled
ladles for all elements (error type a).
Due to the vigorous stirring produced by the
refining gas introduced from the bottom of the ladle,
the refined silicon sample is relatively homogenous,
which enables representative samples. Also here,
the process variation is taken into account for all
elements by calculating the standard deviation
between the eight samples. The slag consists of the
top slag, the bottom slag, and the freeze lining, each
of which are inhomogeneous phases that pose
practical sampling problems in terms of the samples
being representative for the bulk phase. Most slag
tapped from the furnace is expected to end up in the
bottom slag. Therefore, the slag samples may not be
entirely representative for all the elements ana-
lyzed. In the estimation of the combined error for
elements in the slag, the standard deviation
between the slag samples in each ladle is taken into
Fig. 2. The major error sources and uncertainties associated with
each step of the experimental method.
Table I. Major error sources in mass flows into and out of the ladle







b Sample representativity Sample representativity Sample representativity
c Mass measurement Mass measurement Mass estimated from
measurement






ICP-MS inductively coupled plasma mass spectrometry, RSD relative standard deviation.
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account (error type b), in addition to the process
variation (error type a).
The fume samples were collected with a ‘‘cold
finger’’ (water cooled Cu tube) in the ventilation
hood above the ladle. The fumes discussed in this
study are therefore only the condensed components
of the fume. Some volatile compounds (for example,
H2S, NOx, COx, SO2, O2, and H2) are known to occur
in the off-gas24,26 but were not collected by the ‘‘cold
finger,’’ which may affect the recovery of certain
elements. The ‘‘cold finger’’ was placed in the ven-
tilation hood for approximately 30 min during tap-
ping, while the whole tapping and refining process
lasts for approximately 2 h–2.5 h for each ladle. The
fume samples collected were considered represen-
tative for all the fume produced during the tapping.
The degree of contamination of the fume samples
during sampling is likely to be within standard
deviation for all elements except copper (Cu). The
‘‘cold finger’’ used to collect the fume was made from
copper, and there was a distinct contamination of
copper in all the fume samples. As the true copper
concentration in the fume thereby remains
unknown, a recovery value of 100% was given to all
fume samples.
MASS ESTIMATION
The estimation of the mass of the ingoing and
outgoing phases is represented by error type c in
Eq. 1, and it is the same for all elements. The mass
flux of fume was measured with the LaserDust MP
for three ladles and, based on these measurements,
was estimated for the remaining five ladles. The
standard deviation in the fume measurements was
approximately 50% due to variations in the amount
of fume during the tapping process. This high value
for the error in the mass estimation of fume is
assumed to include the error due to estimation of
fume amount for the five ladles where the fume was
not measured.
The amount of tapped silicon is measured by
weighing the ladle before and after tapping. The
amount of refined silicon produced in a ladle is
measured by weighing the ladle before and after
casting. The accuracy of the scale is ±10 kg, which
corresponds to an average error of 0.14% for the
tapped silicon and 0.17% for the refined silicon. The
amount of slag is correspondingly measured by
weighing the ladle before tapping and after casting.
The calculated mass measurement error for slag
is 5.4%.
SAMPLE PREPARATION
A total of 105 samples was collected. The solid bulk
samples were crushed to a powder in a steel mill for
30 s. This steel mill is known to contaminate samples
with Fe, Cr, W, Co, Mn, Ni, B, and V (experimentally
determined amounts).29 Where these contamina-
tions were considered large enough (more than half of
the RSD for said elements in each sample), they were
included in the calculations of combined error as the
elemental specific error type d.
For the high-resolution (HR)-ICP-MS analysis,
25 mg–35 mg of each sample was used. The silicon
samples were dissolved in 0.5 mL concentrated HF
and 1.5 mL concentrated HNO3, and then they were
digested at room temperature. The fume, slag, and
flux samples were dissolved in 0.5 mL concentrated
HF, 0.5 mL concentrated HNO3, and 0.5 mL con-
centrated H2SO4, and then digested in an Ultra-
Clave from Milestone (Sorisole, Italy). The load
pressure was 50 bar and the samples were heated to
250C and held for 20 min. This treatment of the
slag-, flux-, and fume samples was performed due to
earlier difficulties dissolving them at ambient tem-
perature and pressure. Three blank samples were
run at the same time as the samples to subtract the
contamination from dissolving process and/or the
chemicals used. After digestion all samples were
diluted to 250 mL and run through the HR-ICP-MS.
ELEMENT ANALYSIS BY HR-ICP-MS
The instrument used was an ELEMENT 2 from
Thermo Scientific (Waltham, MA, USA). This
instrument will have an instrumental detection
limit (IDL) for each element, determined by the
blanks and by the concentration of the element.
Thus, e.g., silicon had a very high IDL due to its
high concentration in the samples. Elements readily
found in nature like K, Na, Ca, and Mg will also
have high IDLs due to standard instrumental set-
tings. In the cases where the concentration of an
element was below its respective IDL (or had a
negative concentration due to high blank concen-
tration), half the IDL was set to represent the con-
centration in that sample. As an error margin of
IDL/2 is generally acceptable, this approach is
widely used.19
When the samples are analyzed in the HR-ICP-MS,
each sample is run three times; thus, an RSD from the
ICP-MS analysis itself is obtained. The RSD is
usually low, and an element analysis with an RSD
<5% is considered good/reliable. An RSD above 10%
is considered not very reliable. This is usually the
case when elements are present in concentrations
close to or below the IDL. The average RSD for all
elements in all phases are included in the combined
error estimation as error type e.
ESTIMATION OF COMBINED ERROR
When all measurement errors and calculated
errors caused by variations in process and composi-
tion were identified, a combined error was calculated
using Eq. 1. Consider, for example, the combined
error of the lead (Pb) concentration in the fume.
The calculated standard deviation between the
eight different fume samples is for Pb, aPbFume = 76%.
The fume samples were assumed to be representa-
tive for the whole bulk of fume produced during
tapping; thus, bFume = 0% is used. The mass mea-
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surement of the fume has an uncertainty of
cFume = 50%. No Pb contamination is suspected;
thus, dPbFume = 0% is used. The average RSD for Pb in
the fume ePbFume was 1.8%. The combined error for Pb
in the fume (XPbFume) is then 91%. If a concentration of
10 ppm Pb in the fume is assumed (this is a typical
value), then the standard deviation is 9.1 ppmw.
These estimates may be used to calculate a mass
range of 0.008 g–0.17 g Pb in the fume per tonne
produced silicon. The annual ‘‘loss’’ of Pb to fume
will, for an annual production volume of
75,000 tonnes silicon, be 0.59 kg–12 kg per year.
This method is used to calculate the combined
errors for all elements in all phases, and the amount
of each element in the fume per tonne silicon pro-
duced and per year has been estimated. Some errors
will become seemingly high, like the 91% in the case
of lead; however, the order of magnitude will be
reliable. These values may be used to estimate the
amount of each element that may escape from the
plant as fugitive emissions, and they indicate how
accurately the emission of each element can be
estimated and reported with the current method. In
some cases, it is evident that new and more suitable
methods may need developing for environmental
reporting purposes.
RESULTS AND DISCUSSION
Measurements Accuracy and Uncertainty
The numerical IDL and combined errors for each
element in all major phases in the refining ladle are
found in Table II. Recovery ranges were calculated
for all elements (Eq. 2), based on the calculated con-
centration intervals. The concentration intervals of
elements in the fume phase can be found in Table III
in the Appendix. One hundred percent recovery was
within the range for all elements, which confirms the
applicability of the method. The total errors for each
phase have been calculated assuming an increased
risk of contamination of Cu in the fume. Increased
risks of contamination from the mill (B, Cr, W, Mn,
Fe, Co, and Ni) have been included for the tapped Si,
the refined Si, and the slag.
The ICP-MS results for some of the elements (Se,
Cd, In, Ir, Pt, Bi, S, Ag, Hg, Na, K, Cs, Tl, and Rb),
are not considered reliable. These elements were
either present in concentrations below the instru-
mental detection limit or the relative standard
deviation of the resulting values was larger than
10%. In fact, many elements in this category were
affected by both of these errors. One set of elements
(Se, Cd, In, Bi, Tl, Na, Rb, Ag, and K) has high
instrumental/analytical errors in the silicon (and
some also the slag) samples, but the fume concen-
trations were reliable and accepted.
Note that the RSD values are included in Eq. 1
and will therefore influence the combined error
values. The IDL values do not influence the com-
bined errors but may be used to assess whether the
ICP-MS is a reliable tool for evaluation of any par-
ticular element. The IDL is low or very low for most
elements in silicon, with some exceptions: Na, K,
and S have high IDLs. As these elements are pres-
ent in relatively large amounts but most often have
concentrations below their IDL, the interpretation
of these numbers is inconclusive. As, in addition, the
RSD for S is higher than 10%, any results regarding
sulfur are deemed unreliable. Other elements with
relatively high IDLs are Ca, P, and B, but because
they are present in concentrations higher than the
IDL in all phases, their evaluation is not affected in
this case.
The major source of variation was found to be
the process variation (standard deviation between
the ladles). Another important source of uncer-
tainty is the inhomogeneity of the phases sampled,
most notably the slag. The inhomogeneity for all
slag types is large, which makes sampling difficult
in terms of obtaining representative samples.
Representative values can therefore be obtained by
increasing the number of samples. The combined
error values for the fume are generally higher than
for the other phases, and this is associated with
the difficulties of proper assessment of the fume
mass.
Elements that have a large deviation between the
ladles are prone to vary greatly with the process.
Elements that are more constant with respect to
process must be evaluated with greater attention to
analytical errors. The tapped silicon is inhomoge-
neous in the furnace and the composition may vary
with tapping time. The furnace operation is close to
a slag-free process; however, due to impurities in
the quartz and carbonaceous materials, some slag is
formed and tapped with the silicon. The amount of
slag varies greatly; some tapped material had a
considerable amount of slag phase, whereas others
had virtually none. This process variation, caused
by slag accumulation in the furnace, is difficult to
quantify, and the operation of the furnace lies out-
side the scope of this article. However, as the fur-
nace slag enters the ladle, it is incorporated in the
much larger mass of ladle slag; therefore, this phe-
nomenon is included in the error estimations of the
ladle slag values. While the composition of the side
and bottom slags are quite similar, the top slag is
different. The top slag has a much higher concen-
tration of silicon than the other slag types, which
affects the slag average concentration.
EMISSIONS ESTIMATION
Figures 3 and 4 show the mass of each element
lost to the fume, based on annual production and
silicon tonnage, respectively. The values are also
included in Table III in the Appendix. Because the
order of magnitude varies greatly between the ele-
ments, a logarithmic y-scale is used. Please note
that no negative or zero values can be displayed on a
logarithmic scale, and therefore, some elements
seem to have no lower error bounds.
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Table II. Instrumental detection limits for all elements, and calculated combined errors, in % for the tapped
Si, the refined Si, the slag, and the fume
Element IDL (ppmw) Tapp. Si (%) Slag (%) Ref. Si (%) Fume (%)
Ag 0.125 b b b 96
Al 1.25 13 69 29 73
As 0.15625 19 44 28 75
Au 0.00125 35 54 44 80
B 0.5 9 21 12 58
Ba 0.08125 34 93 115 100
Be 0.03125 25 89 63 95
Bi 0.00625 b b b 96
Ca 12.5 32 104 72 68
Cd 0.0125 b b b 106
Ce 0.00125 12 82 23 108
Co 0.025 7 64 11 106
Cr 0.03125 54 40 63 72
Cs 0.003125 b b b b
Cu 0.1875 14 60 18 71a
Dy 0.0125 15 75 32 113
Er 0.001875 18 85 42 111
Fe 0.125 9 79 7 142
Ga 0.04375 17 75 31 62
Ge 0.125 19 66 16 64
Hf 0.0063 11 36 9 125
Hg 0.00625 b b b b
Ho 0.00125 17 81 39 112
In 0.003125 b b b 66
Ir 0.003125 b b b b
K 31.25 b 112 b 60
La 0.0125 15 85 45 107
Li 0.1875 15 79 49 57
Lu 0.00125 19 98 56 108
Mg 0.625 8 84 52 64
Mn 0.0375 8 93 12 96
Mo 0.125 11 37 23 86
Na 62.5 b 115 b 55
Nb 0.1563 9 48 12 114
Nd 0.00125 12 81 21 113
Ni 0.08125 10 58 12 79
P 2.5 12 62 13 201
Pb 0.00125 76 111 74 91
Pr 0.001875 11 84 21 113
Pt 0.00625 b b b b
Rb 0.075 b 138 b 62
S 125 b b b b
Sb 0.0125 36 46 36 217
Sc 0.025 17 70 27 101
Se 0.3125 b b b 95
Sm 0.003125 13 70 44 120
Sn 0.00625 78 69 26 116
Sr 0.15625 36 96 104 82
Ta 0.00125 9 57 9 111
Tb 0.00125 16 71 30 113
Th 0.003125 15 73 18 112
Ti 0.125 7 64 10 103
Tl 0.005625 b b b 102
Tm 0.003125 18 89 47 111
U 0.0015625 9 77 10 126
V 0.01875 7 63 10 105
W 0.00625 98 101 79 108
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Table II. continued
Element IDL (ppmw) Tapp. Si (%) Slag (%) Ref. Si (%) Fume (%)
Y 0.0025 22 104 73 106
Yb 0.0025 17 92 73 88
Zn 0.15625 78 129 66 69
Zr 0.15625 7 66 9 125
aCu content in fume was estimated due to contamination.bNo value due to concentration lower than IDL or too high RSD.
Fig. 3. The annual loss of elements to the fume. Note the logarithmic scale of the y-axis.
Fig. 4. Loss of elements to the fume per tonne refined silicon. Note the logarithmic scale of the y-axis.
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Some of the heavy metals constitute particular
risks if released to the environment. As can be seen
from Figs. 3 and 4 (and Table III in the Appendix),
the fume is rich in some of the most problematic
heavy metals, such as Pb, Cu, Cr, Ni, and V. Other
elements of special interest are the highly toxic
beryllium and arsenic.30,31 Both As and Be have
relatively high concentrations in fume. Conse-
quently, fume collection and elimination of fugitive
emissions are crucial to protect public health and to
reduce the environmental impact of the plant.
Based on the error estimations and the fuming
rates displayed in Figs. 3 and 4 (and Table III in the
Appendix), the fugitive emissions for every element
can be calculated. To estimate correctly the amount of
fume which may escape a silicon plant is complex and
clearly outside the scope of this article. However, if we
assume that 15% of the fume from the tapping and
refining process is released to the environment, the
results in Figs. 3 and 4 (and Table III in the
Appendix) can be used to calculate the annual emis-
sions for every element via the fume. For example,
the annual emission of Pb would then be<1.9 kg.
CONCLUSIONS
The total errors of the concentrations and distri-
butions of 62 elements in the OLR process for Si
have been estimated. The elemental mass loss to the
fume was estimated with respect to production mass
and year, and a concentration range for all elements
in the fume is given. Fume collection and mass
estimation were significant error sources in these
calculations. Other important error sources are the
process variation and the inhomogeneity of the slag.
Different slag types also have different chemical
composition, which complicates the slag average
interpretation. A thorough understanding of the
entire furnace and ladle processes is crucial to
optimize the sampling procedure with respect to
obtaining representative samples.
The instrumental detection limit and the relative
standard deviation of the ICP-MS analysis may be
used to assess how appropriate the analysis method is
for individual elements in each phase and to evaluate
the accuracyofeachmeasurement.Certain results are
not reliable; this mainly concerns elements present in
very low concentrations in the samples (such as Pt, Ir,
Au, Bi, Hg, etc.). In some cases, however, most notably
if Na, K, and S are of vital importance, other analysis
methods should be considered.
This work is the first in its kind to publish a
method for estimation of the error sources and
uncertainties associated with the assessment of the
elemental distributions in the mass flows into and
out of the refining ladle. The method can be used to
assess the annual emissions of trace elements for
reporting purposes. A special emphasis was put on
the fume concentrations, and both major and trace
elements are evaluated. As the fumes from tapping
and refining are the main source for fugitive emis-
sions from a silicon plant, this work may be used to
improve emission estimates and to assess the cred-
ibility of previously reported emissions.
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Table III. Maximum and minimum mass of each element in the fume per year and per tonne silicon
produced, and the concentration range of elements in the fume
Element Mass/year (kg) Mass/tonne Si (g) Concentration in fume (ppmw)
Ag 1.2–65 0.016–0.86 1–500
Al 747–4827 10–64 1000–104
As 0.23–1.7 0.0031–0.022 0.1–5
Au 6.4 9 104–0.0059 8.6 9 106–7.9 9 105 0.001–0.01
B 7.9–30 0.11–0.39 10–50
Ba <76 <1.0 <500
Be 0.027–1.1 3.6 9 104–0.014 0.01–5
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Table III. continued
Element Mass/year (kg) Mass/tonne Si (g) Concentration in fume (ppmw)
Bi 0.0054–0.24 7.2 9 105–0.0033 0.01–0.5
Ca 499–2598 6.7–35 500–5000
Cd <23 <0.31 <50
Ce <12 <0.16 <50
Co <3.2 <0.042 <10
Cr 3.8–24 0.050–0.32 5–50
Cs b b b
Cua 93–539 1.2–7.2 100–1000
Dy <0.71 <0.0094 <5
Er <0.70 <0.0094 <5
Fe <4.3 9 104 <571 <105
Ga 0.29–1.3 0.0039–0.017 0.1–5
Ge 0.18–0.81 0.0024–0.011 0.1–5
Hf <2.1 <0.028 <5
Hg b b b
Ho <0.24 <0.0031 <0.5
In 0.0012–0.0059 1.6 9 105–7.9 9 105 0.001–0.01
Ir b b b
K 570–2302 7.6–31 500–5000
La <5.7 <0.077 <10
Li 4.0–15 0.054–0.20 5–50
Lu <0.094 <0.0013 <0.5
Mg 185–832 2.5–11 100–5000
Mn 2.5–134 0.033–1.8 1–500
Mo 0.12–1.6 0.0016–0.021 0.1–5
Na 133–460 1.8–6.1 100–1000
Nb <1.7 <0.023 <5
Nd <6.0 <0.081 <10
Ni 1.8–15 0.024–0.20 1–50
P <475 <6.3 <1000
Pb 0.59–12 0.0078–0.16 0.5–50
Pr <1.4 <0.019 <5
Pt b b b
Rb 2.1–8.8 0.027–0.12 1–50
S b b b
Sb <6.5 <0.086 <50
Sc <1.2 <0.015 <5
Se 0.057–2.2 7.6 9 104–0.029 0.01–5
Sm <1.1 <0.015 <5
Sn <1.9 <0.025 <5
Sr 6.2–62 0.082–0.83 5–100
Ta <0.19 <0.0026 <0.5
Tb <0.20 <0.0027 <0.5
Th <1.4 <0.019 <5
Ti <401 <5.3 <1000
Tl <0.30 <0.0040 <0.5
Tm <0.091 <0.0012 <0.5
U <0.90 <0.012 <5
V <11 <0.15 <50
W <0.8 <0.011 <5
Y <5.9 <0.079 <10
Yb 0.038–0.59 5.1 9 104–0.0079 0.05–1
Zn 31–171 0.42–2.3 10–500
Zr <78 <1.0 <500
The amounts with a ‘‘less than’’ sign (<) have a calculated combined error larger than 100%.aEstimated value due to Cu contamination
from the « cold finger».bNo value due to concentration below IDL or too high RSD.
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